SUMMARY
Respiratory physiological deadspace (VDphys) is increased during intermittent positive pressure respiration (IPPV) under anaesthesia as compared to the spontaneously breathing awake patient 1 . Its evaluation under anaesthesia is of considerable practical importance in defining the minute ventilation requirement for the anaesthetized patient. Most authors evaluating V Dphys under anaesthesia have hyperventilated their subjects to an arterial carbon dioxide tension (P a CO 2 ) of around 4kPa [2] [3] [4] [5] . However maintaining normocapnia is desirable to avoid possible harmful effects of hyper-or hypocapnia 6 . VDphys is affected by ventilatory pattern [7] [8] [9] . Cooper showed that increasing tidal volume (VT) will increase V D phys, but the rise is not proportional with resulting fall in value of deadspace to tidal volume ratio (VD/VT) 10 . in view of this the V D /V T and V D phys measured at higher minute ventilation producing hypocapnia cannot be used to calculate ventilatory requirements for maintaining normocapnia under anaesthesia. Thus using data from such studies will result in over-or underestimation of . VE requirements depending upon whether V D or VD/VT has been used.
VDphys has been shown to be influenced by age, body size, posture, respiratory pattern, smoking and pulmonary disease 11, 12 . Body mass index (BMI), a valid indicator of obesity has been found to relate highly with more direct measures of body fat 13 . The present study was undertaken to evaluate V Dphys during normocapnic ventilation anaesthesia and to derive any relation which V Dphys may have with body structure and formulate the prediction equation using multiple regression analysis.
MATERIAL AND METHODS
Following institutional ethical committee clearance, 253 healthy ASA 1 subjects of either sex from 15 to 65 years of age and admitted for elective nonthoracic surgery under general anaesthesia were included in this study.
Detailed history and clinical examination was performed to exclude any disease which can affect CO 2 production or elimination by affecting . V/Q . matching. Pulmonary function tests were performed on the patients while conscious prior to surgery with a dry rolling bed spirometer, Spiroflow (Morgan PK Ltd, Kent, U.K.), and only patients with normal spirometry were included.
Patients were premedicated with 0.15 mg/kg of morphine and 0.5 mg/kg of promethazine injected intramuscularly an hour before planned induction of anaesthesia with a sleep dose of thiopentone sodium (4-6 mg/kg) and 0.1 mg/kg of morphine. They were intubated after 1.5 mg/kg of suxamethonium and ventilated with the Servo ventilator 900B using O 2 :N 2 O in 30:70 ratio. Carbon dioxide analyser 930 along with the Lung Mechanics Calculator 940 14, 15 (both from Siemens-Elema, Solna, Sweden) were also used for monitoring. Neuromuscular blockade was maintained with pancuronium bromide 0.1 mg.kg -1 IV. All patients were supine and a radial artery cannula was inserted to allow withdrawal of arterial blood. A square-wave flow pattern of ventilation was used with 25% inspiratory time and 10% inspiratory pause at a respiratory rate (f) of around 15 breaths per minute (bpm) and minute ventilation (V . E) controlled to produce an end-tidal carbon dioxide concentration (FÉ CO 2 ) of around 5.5%. At least 10 minutes were allowed at a given V . E for the FÉ CO 2 to stabilize after which arterial blood gases were analysed using a Radiometer PHM Mk2 acid base analyser. The V . E was readjusted if the arterial carbon dioxide tension (P a CO 2 ) was outside the 5.06 to 5.6 kPa range. Various parameters noted at the end of the stabilization period and at the time of arterial sampling were FÉ CO 2 , ineffective tidal volume (VTineff i.e. the part of the tidal volume in which carbon dioxide concentration is less than 5% of the value FECO 2 of the previous breath, the remainder being the effective tidal volume 14 ) , effective tidal volume (VTeff), tidal production of carbon dioxide (VTCO 2 ), respiratory system compliance (Crs) and pause pressure (Pst). In no case was more than one readjustment needed to be made in . VE to get P a CO 2 in the normocapnic range (5.06 to 5.6 kPa) so that a maximum of two arterial samples were needed to be taken from each patient. VT was calculated from VTeff and VTineff.
Values for carbon dioxide concentrations in expired gas were corrected for barometric pressure (PB), variations in humidity at the site of the infrared CO2 sensor and for the presence of 70% N 2 O
16
. All volumes were corrected for internal compliance of the tubings and temperature and humidity variation of the expired gases in the ventilator tubings 16 . Volumes relating to carbon dioxide were also corrected for analyser delay, rebreathing and the factors used for correcting FÉ CO 2 16 . Ambient temperature was noted which remained around 23-25°C and an average of 24°C was used for calculation of correction factor for volumes and other relevant corrections. All volume measurements were converted and presented at BTPS. Patients were kept undisturbed in supine posture and were infused with normal saline only at 2 ml/kg/hr until all recordings had been completed. Surgery was allowed to commence only after the completion of the sampling process which did not take more than 25 minutes following intubation.
Infrared sensor and analyser was calibrated regularly according to the manufacturer's specifications.
VDphys was calculated according to Enghoff's modification 17 of the Bohr's equation: VDphys=VT (P a CO 2 -P-E CO 2 )/P a CO 2 Mixed expired carbon dioxide tension (P-E CO 2 ) was calculated as:
(VTCO 2 /VT) x PB where PB is equal to barometric pressure.
Volume of extra oral apparatus deadspace (VDapp) was calculated from volume of connector, cuvette and size and length of extra oral endotracheal tube (ETT). This volume (VDapp) was subtracted from VT and also from VDphys. The same corrections were applied to VT when calculating VD/VT. Body surface area of patients was calculated according to the formula of Dubois 18 . Body mass index (BMI), an index of obesity 13 was calculated as:
All data recorded was transferred to a computer and analysed using STATGRAF statistical package. The observed VDphys was analysed as a function of height (H), weight (W), age (A), sex (S), BSA, W.H (weight x height) and various combinations between these variables such as the obesity indices 13, 19 , H/W 1/3 , W/H (weight/height), and BMI using multiple linear regression analysis. Best-fit equation for VDphys was derived following this. Unpaired t test was used to analyse the difference between males and females.
RESULTS
The age and sex distribution of subjects is shown in Table 1 . There were comparatively fewer subjects in age range of 55 to 65 years.
There was no significant difference in age, P a O 2 , P a CO 2 , and airway pause pressure (Pst) between the males and females (Tables 2 and 3 19 used for analysis in the present study. Male patients were taller for a given weight compared with females, or in other words, female patients were heavier for a given height compared with males. BMI showed significant correlation with age (r=0.30, P<0.001).
VDphys as well as VD/VT was significantly higher in males compared with females (Table 3) . It showed significant correlation with weight (r=0.37, P<0.01), height (r=0.36, P<0.01), BSA (r=0.42, P<0.01) and WH (r=0.4, P<0.01). It also showed significant correlation with tidal volume (r=0.64, P<0.001). The greater the tidal volume the greater the deadspace (Figure 1 ). VDphys/kg showed positive correlation with H/W 1/3 (r=0.4, P<0.001) and negative correlation with BMI (r=-0.4, P<0.001) (Figure 2 ) and W/H (r=-0.39, P<0.001). VDphys/kg was higher in males (Table 3 ) but did not show any significant correlation with age. VDphys/kg data of patients was divided into two height groups (<162 cm group and >162 cm group) chosen arbitrarily on the mean height of present study, i.e. 162 cm. The average of these two groups was compared at different weight ranges as shown in Figure 3 . VDphys is higher in taller patients for a given weight at lower weight ranges while it is higher in shorter patients at higher weight ranges.
Regression V D Phys/mass(ml/kg) DISCUSSION V Dphys/kg found in the present study is appreciably higher than the 1.1 ml/kg value used by Radford for his nomogram for intubated patients 20, 21 . This difference may be explained by increased ventilation/perfusion mismatch under anaesthesia. Radford gave a fixed value to VDphys in relation to the weight of the patient, while we have found it to be dependent on weight as well as height. VDphys/kg was inversely proportional to BMI, an index of obesity 13 . For a given weight, taller patients have a higher VDphys than shorter patients. VDphys/kg was higher in males than in females in our study, while Radford gave fixed value depending only upon weight.
The higher VDphys in males is due to their body structure as males were not only taller but also taller for a given weight, i.e. they had a lower BMI. V D phys depends upon two components, airway deadspace (V D aw) and alveolar deadspace (V D alv). V D aw depends upon size of the airway, which depends on body structure, i.e. height 12 , and transmural pressure, which is indicated by P st 12, 22, 23 . We did not measure the breakup of VDphys into VDaw and VDalv as it requires plotting of the expired CO 2 graph, a facility which was not available to us 24 . Harris et al found that VDphys increases by 17 ml for every 10 cm increase in height 22 , but the relationship of height and deadspace is not as simple. Greater VDphys in taller and thinner patients as shown in our study (Figure 3 ) may be due to a greater anatomical deadspace (VDanat) because of increased length of the upper airway 11, 12 , but at greater weights and shorter heights the effect of obesity predominates. The heavier and shorter patients require more airway pressure to ventilate because of the effect of obesity on chest wall mechanics. This increases VDanat as the latter depends upon the airway pressure, with higher pressures distending the airways more 11, 12 . In addition, their lower functional residual capacity especially under anaesthesia will favour basal airway collapse with increased alveolar deadspace (VDalv). Thus, though the taller patients have higher VDphys compared with shorter patients at lower weight ranges, this difference decreases at higher weight ranges and may even be reversed because of the above mentioned effects of VDanat and VDalv.
The absence of any association with age may be because only patients with normal lung function tests were studied. The change in deadspace which occurs with age is usually due to deterioration in lung function with resulting increase in VDalv 11 . In addition, the increase in VDphys/kg with age, which may be expected due to lung parenchymal changes, may be counterbalanced by a decrease in the same because of the increased BMI with age.
The increase in VDphys during anaesthesia was first observed by Campbell et al 1 in 1958 and subsequently confirmed in many studies. Nunn and Hill 2 found a VD/VT ratio of 0.32 (N=12) which was lower than the present study but it referred to deadspace beyond the carina. Their VDphys/kg of 2.54±1.12 ml/kg (mean±SD) was higher than our value but they also used higher VT and their patients were hyperventilated to a PaCO2 of 4.4±1.07 kPa which was lower than that of the present study. Large tidal volumes are associated with larger deadspace value but this increase is not proportional with the resulting decrease in VD/VT ratio 10 . Nunn and Hill's value of VD/VT would have been higher if their tidal volumes had been adjusted lower for normocapnic ventilation and if a correction had been added to VDphys for the volume of ETT inside the upper respiratory tract to make it comparable to that of the present study.
Cooper 10 found higher VDphys (247 to 831 ml) and higher VD/VT (0.52) in a group of 50 patients who were free from gross respiratory disease and were ventilated under anaesthesia with similar I:E ratio as in the present study. This higher figure may be because these values include VDapp and also due to the effect of surgery, as these were obtained during surgery.
Hedenstierna and McCarthy 3 found a higher VDphys (282±52 ml), higher VDphys/kg (4.41 ml/kg) and comparable VD/VT (0.38±0.06) at a higher VT (740±68 ml) and a lower respiratory rate (12 bpm). If both VDphys and VT are corrected for VDapp, which they found to be 80 ml, the deadspace would still be higher than in the present study, though VD/VT would decrease. Fletcher et al 4 , in a study using a similar ventilator (SERVO 900) and similar ventilatory pattern, found a VD/VT of 0.44 (n=53), which is much higher than the 0.37 found in our study. Their higher VDphys (195 ml at f=17 bpm) may be due to the older age of their patient group and the presence of respiratory diseases like asthma and emphysema in some of their patients. In addition these patients were hyperventilated to a P a CO 2 of 4.2 kPa by using larger tidal volumes which can further increase VDphys. Increase in VT at lower frequency (f=9 bpm) decreased VD/VT (0.31) but VDphys and VDphys/kg were further increased. Just as the larger tidal volumes decrease the VD/VT, similarly the lower tidal volumes may fail to open up the basal airways at reduced FRC under anaesthesia, causing . V/Q . mismatch resulting in increased VDalv. Thus applying deadspace ratios or values derived from studies using larger tidal volumes (to produce lower P a CO 2 ) will produce errors in estimating ventilatory requirements for normoventilation.
In conclusion while VDphys is directly related to VT, VDphys/kg is inversely related to BMI. VDphys as well as VD/VT is higher in male than in female patients as men have a lower BMI and greater weights. Taller patients have higher VDphys/kg but shorter and bulkier patients also have a greater deadspace. VDphys values derived from studies using hyperventilation may not be accurate in defining ventilatory nomograms for normocapnic ventilation.
